A project was implemented in 1981 with the objective of increasing twinning rate in cattle. Daughters of foundation sires had twin calves at a frequency of from 8 to 13%, and foundation females had twin calves at an average frequency of 50%. Data were analyzed on twinning rate, ovulation rate, and weight traits. The h 2 of ovulation rate increased from .11 to .38 for a single estrous cycle to the mean of eight estrous cycles. From all data, h 2 for single observation of ovulation rate and twinning rate were .10 and .09, respectively. The r g between them was .75. The h 2 of weight traits ranged from .42 to .54 when weight traits were analyzed pair-wise with ovulation rate and with twinning rate. The r g between weight traits with ovulation rate ranged from .15 to .30 and with twinning rate ranged from .24 to .39. Phenotypic mean twinning rate increased from 1.07 to 1.29 calves per parturition for females born 1981 through 1993, and adjusted mean predicted breeding value (PBV) increased from 1.07 to 1.33 calves per parturition. Phenotypic mean ovulation rate for fall of 1984 through fall 1994 birth groups increased from 1.11 to 1.26 per estrous cycle, and adjusted mean PBV for ovulation rate increased from 1.11 to 1.29 per estrous cycle. Because of the high r g (i.e., .75) between ovulation rate and twinning rate, and because of a h 2 of .35 for ovulation rate for the mean of six estrous cycles, repeated records of ovulation rate in puberal heifers is an effective indirect selection criterion for twinning rate. The positive r g between growth traits and ovulation and twinning rate suggest the need for some compromise when the selection goal is increased twinning rate with no increase in growth and size.
Introduction
Rate of reproduction has a major impact on life cycle costs of production of different animal species and on their competitiveness for different types of production resources. More than 50% of the feed units used by the beef cattle industry of the United States are needed to meet maintenance requirements of reproducing females. The comparable value in meat chickens is approximately 3% (Gregory and Dickerson, 1989) . High-producing dairy cows produce five times as much milk protein per unit of feed as beef cattle produce as beef protein (Reid et al., 1980) . Results from experimentation and computer simulation suggest that input costs per unit of beef output could be reduced by 24% in the proportion of a herd that produces twins (Guerra-Martinez et al., 1991) . Because of the time and effort required to develop a population with a high twinning frequency, private sector interests are not likely to make the investment required. Thus, the development of a population of cattle with a high twinning rate (i.e., ≥ 40%) that is competitive in production and carcass traits is likely to be required for consideration of a twinning technology by the beef cattle industry. A high level of calving difficulty has been reported in this population for twin and single births . A high genetic correlation exists between birth weight and calving difficulty score (Gregory et al., 1995a,b) . Further, no breed of cattle that is small in size produces twins at a high frequency (Rutledge, 1975) . A primary objective of this study was to estimate genetic parameters of weight traits including the genetic correlations between weight traits and ovulation and twinning rate as a basis for developing selection procedures to reduce calving difficulty and achieve optimum growth rate while optimizing selection response for ovulation and twinning rate.
Materials and Methods
Experimental Population. This effort was implemented as a formal project in 1981. There were 307 foundation females in the project with 96 originating in private sector herds and 211 originating from other projects at the U.S. Meat Animal Research Center (MARC). Twinning records of foundation cows before and after entry into the twinning project and twinning records of their daughters are shown in Table 1 . Foundation sires included sons of foundation cows, plus a Charolais sire and a Pinzgauer sire whose daughters produced twins at a high frequency in another project at the Research Center. Also, semen from Swedish Friesian ( 8 ) , Swedish Red and White ( 5 ) , and Norwegian Red ( 2 ) sires, whose daughters had produced twins at a frequency of from 8 to 13%, was imported and used in the project. Semen was imported in 1983 Semen was imported in , 1984 Semen was imported in , 1988 Semen was imported in , and 1991 . Mean breed ancestry of calves born in 1994 and 1995 is given in Frequency distribution of ovulation rate of the 2,849 puberal heifers included in this study is in Table 3 . Frequency distribution of number of parturitions and twinning rate for the 2,113 cows included in this study is in Table 4 .
Mating Plan. A multiple-trait (i.e., ovulation rate and twinning rate), repeated records animal model was used to predict breeding value for twinning rate. This procedure combined information on individuals and relatives for ovulation and twinning rate and was implemented with selections and matings made in 1990 (Van Vleck et al., 1991a,b) . Before implementation of this procedure, selections were based on an estimated breeding value that included information on twinning rate, augmented by independent culling levels for sires based on mean ovulation rate of their daughters. Approximately 750 cows calving per year have been included in the project since 1991. Calving was both spring and fall. Mating seasons were 70 d. Matings were made to achieve uniformity of breed ancestry among individuals consistent with selecting for high predicted breeding value ( PBV) for twinning rate. Approximately 20% of the heifers and cows with the highest PBV for twinning were mated by AI to high PBV progeny proven sires. These matings resulted in high PBV young sires that were candidates for progeny testing. The remaining 80% of cows and heifers were mated by AI and natural service to young, unproven sires with a high PBV. Mating assignments to these young, unproven sires were made with the intent of obtaining 8 to 10 fertile daughters for ovulation rate evaluation and 10 to 12 sons per sire. Approximately 96% of heifers born twin to a bull were infertile (i.e., freemartin; Gregory et al., 1996) . Young sires being progeny-tested generally produced daughters in spring and fall and progeny proven sires were used during the spring and fall.
Feeding and Management. Spring-born calves were born from early March to mid-May, and fall-born calves were born in August and September. Calves were weaned at an average of 160 to 170 d (early September for spring-born calves and early February for fall-born calves). Calves were creep-fed, and both Ovulation rate was determined in puberal heifers by rectal palpation of corpora lutea starting at an average age of 12 mo and continued for eight estrous cycles (Echternkamp et al., 1990) . Females were mated to produce their first calves at an average age of 2.5 yr. Generally, spring-born heifers produced their first calf in the fall and fall-born heifers produced their first calf in the spring. Scrotal circumference was measured on males developed as candidates for progeny testing at an average age of 383 d when final decisions were made on males to be progeny-tested.
For greater detail on protocols for this experiment, see Echternkamp et al. (1990) and Gregory et al. (1990a,b) .
Analysis of Data. Traits analyzed were ovulation rate, twinning rate as a trait of the dam, scrotal circumference of intact males, and weights of females taken at birth, 374 d, 566 d, and 4 yr of age. Fixed effects for individual ovulation rate were year-season birth group ( n = 20, fall 1984 through spring 1994), age at observation (i.e., 12 to 13 mo, 14 to 15 mo, 16 to 17 mo, and ≥ 18 mo), and calendar month of ovulation (i.e., 1 through 12). In addition, the first ovulation rate and means of the first two through eight ovulation rates were analyzed with birth yearseason as a fixed effect. Age and month of observation for each of one through the mean of eight estrous cycles were similar for animals in each birth yearseason subclass. Fixed effects for twinning rate were year of calving ( n = 12), season of calving (spring or fall), and age at calving (i.e., 2.5, 3.5, 4.5, ≥ 5.5). Fixed effects for scrotal circumference were age of dam, year of birth, season of birth, type of birth, with age at measurement as a covariate. Fixed effects for weight traits were type of birth, year of birth, age of dam, season of birth, with age as a covariate. For 4-yr-old weight, fixed effects were year of calving, season of calving, type of birth at calving, period of three weighings (i.e., precalving, prebreeding, and pregnancy diagnosis), and the cow's type of birth.
An animal model was used to describe the random, direct genetic effects for all traits. An uncorrelated animal effect was included to account for repeated measurements of ovulation rate, twinning rate, and 4-yr-old weight. A maternal effect was included for birth weight and assumed to be uncorrelated with the direct genetic effect. This assumption was based on a nonsignificant estimate of the covariance and a small value of maternal genetic variance for birth weight in another study (Bennett and Gregory, 1996) , and the increased standard error of the direct genetic effect estimate when the covariance is simultaneously estimated (Meyer, 1992 ). An uncorrelated maternal effect was included to account for multiple observations of twinning rate from the same cow. Uncorrelated animal effects were included for ovulation rate and 4-yr-old weight because multiple observations of each of these traits were made on each animal. Data were analyzed using an animal model, derivative-free MTDFREML program (Boldman et al., 1993) . Most correlations between traits were estimated with pair-wise analyses. The analysis of ovulation rate and twinning rate estimated correlations between genetic effects and between uncorrelated animal effects for the two traits but not between residual effects because any ovulation rate measurement was not paired with any particular twinning observation. Correlations between scrotal circumference and either ovulation rate or twinning rate were estimated assuming no residual correlation between scrotal circumference measured in males and reproductive traits measured in females. Correlations between the four weights (birth, 374-d, 566-d, and 4-yr-old) and either ovulation or twinning rate were estimated assuming an uncorrelated animal effect for each weight and no correlation of residuals. Even though these three weights were measured only once, an uncorrelated animal effect was added to account for within-animal correlations between traits, but ignoring variation among repeated measurements for ovulation rate and twinning rate. The residual variance reported is the sum of estimated residual and animal effects. Correlations among the four weight traits were estimated in a single analysis including uncorrelated animal effects for the three weights, each measured once, as well as an uncorrelated animal effect for 4-yr-old weight, which was measured three times. The residual variance reported is the sum of estimated animal and residual effect variances. The residual correlations reported are the covariances of animal effects divided by the appropriate residual standard deviations.
Genetic groups (Quaas and Pollak, 1981; Westell et al., 1988) were used to account for selection before records used in the analysis. Some analyses were conducted both with and without genetic groups.
Results and Discussion

Genetic Parameters
Ovulation and Twinning Rate. Measurements of ovulation rate on 2,849 heifers with 21,418 estrous cycles born from fall of 1984 through spring of 1994 were included in the analyses (Table 3) . Ovulation rates recorded at an age of less than 12 mo and greater than eight estrous cycles were deleted from the data set. Mean ovulation rate was 1.16 per estrous cycle. Ovulation rate increased from a mean of 1.11 per estrous cycle for females born in the fall of 1984 to a mean of 1.26 per estrous cycle for females born in 1994. Mean ovulation rate increased from 1.12 at 12 to 13 mo to 1.19 at 18 mo. Mean ovulation rate ranged from a low of 1.13 in March and April to a high of 1.17 in November.
Twinning rate data on 2,113 cows with 6,328 parturitions from 1984 through 1995 were included in the analyses (Table 4) . Mean twinning rate was 1.22 calves per parturition and ranged from 1.04 in 1984 to 1.31 in 1995. Twinning rate was 1.202 calves per parturition for spring-born calves and 1.235 for fallborn calves. Twinning rate averaged 1.18 calves per parturition for 2.5-yr-old females and 1.24 for females ≥ 3 yr old. Heritability estimates ( h 2 ) of ovulation rate for different number of estrous cycles (i.e., for one through the mean of eight estrous cycles) with genetic groups and without genetic groups included in the model are presented in Table 5 . The h 2 estimates of the mean of two through the mean of eight estrous cycles are in close agreement with estimates computed using the repeated records formula of Lush (1945) ; h 2 X = (nh 2 )/[1 + ( n − 1)r] where n = number of records and r = repeatability using the estimates for h 2 and r (r = h 2 + c 2 ) from all records (Table 6 ). These estimates, with and without genetic groups in the model, show important increases in h 2 up to the mean of six estrous cycles but only limited increases in h 2 for more than six estrous cycles. Including genetic groups in the model had little effect on estimates of h 2 for ovulation rate.
Estimates of h 2 for ovulation and twinning rate were .10 and .09, respectively, with genetic groups in the model, and .10 for ovulation and twinning rates without genetic groups in the model (Table 6 ). With genetic groups in the model, the estimates of the proportion of the total variance due to permanent environmental effects ( c 2 ) was .04 for ovulation rate and .03 for twinning rate. The r g was .75 between ovulation and twinning rate with genetic groups and .76 without genetic groups in the model (Table 6 ).
Including genetic groups in the model had little effect on estimates of h 2 or r g involving ovulation rate and twinning rate. These estimates of h 2 are higher than those reported by Van Vleck and Gregory (1996) of .07 for ovulation rate and .03 for twinning rate with genetic groups in the model. Van Vleck and Gregory (1996) reported an r g of 1.00 between ovulation and twinning rate with genetic groups and .76 without genetic groups in the model. The difference in the data sets is that in the current study twinning rate data were available through 1995 and ovulation rate data were available for females born through the spring of 1994 (i.e., two additional years for ovulation and twinning rates). Also, data on twinning rate for parturitions prior to 1984 were excluded from the current analyses, whereas Van Vleck and included parturition records starting in 1982. The difference in magnitude of estimates between the two studies is likely the result of an increase in frequency of alleles affecting ovulation rate and twinning rate as a result of data from two later years included in the current study and the deletion of records for parturitions prior to 1984.
Scrotal Circumference and Ovulation and Twinning
Rate. Scrotal circumference was recorded on progeny test candidate males born from spring of 1984 through fall of 1994. Mean scrotal circumference was 35.0 cm adjusted to a mean age of 383 d. Scrotal circumference did not differ between spring-and fall-born males.
The estimate of h 2 for scrotal circumference with genetic groups in the model and of r g of scrotal circumference with ovulation and twinning rates are given in Table 6 . The h 2 for scrotal circumference (.25) was lower than reported by Gregory et al. (1995b) . The r g of scrotal circumference with ovulation and twinning rates (.29 and .38) are likely of a magnitude sufficient to be considered in selecting for ovulation and twinning rate. The basis for these analyses relating to scrotal circumference is that scrotal circumference is associated with age at puberty in females, which seems to be associated with subsequent reproductive performance (Brinks et al., 1978) .
Birth Weight and Ovulation and Twinning Rate.
Birth weights recorded from 1982 through 1994 were included in this study. The rationale for estimating the r g between weight traits and ovulation and twinning rates is that no breed of cattle that is small in size produces twins at a high frequency (Rutledge, 1975 ). Because of the high level of dystocia in this population , consideration of birth weight to reduce dystocia is desirable. Thus, it is necessary to know the genetic relationship between growth traits and ovulation rate and twinning rate. This was a primary objective of the study. Mean birth weight was 42.8 kg; singles averaged 44.0 kg and twins averaged 36.4 kg. Fall-born calves weighed 816 g more than spring-born calves. Calves with 2.5-yr-old dams weighed 2.4 kg less than calves with 3-yr-old dams and 2.9 kg less than calves with dams ≥ 4 yr old.
Estimates of h 2 for birth weight and of r g of birth weight with ovulation and twinning rate with genetic groups in the model are presented in Table 6 . The h 2 of birth weight (.42 direct and .11 maternal) are in close agreement with a report for females by Gregory et al. (1995a) . The estimates of r g of .22 and .24 for birth weight with ovulation and twinning rate, respectively, indicate a genetic antagonism between low birth weight with high ovulation rate and twinning rate that will require some compromise in selecting simultaneously for twinning rate and reduced birth weight.
374-Day Weight and Ovulation and Twinning Rate.
Mean heifer weight adjusted to 374 d was 364 kg. Birth years included were 1982 through 1994. Fallborn heifers were 23.2 kg heavier than spring-born heifers at 374 d. Heifers born as singles were 14.2 kg heavier at 374 d than heifers born as twins. Age of dam did not affect adjusted 374-d weight.
Palpation for determination of ovulation rate was started at an average age of 374 d. Estimates of h 2 for 374-d weight and of r g of 374-d weight with ovulation and twinning rate with genetic groups in the model are presented in Table 6 . Direct and maternal h 2 estimates of 374-d weight were included in an initial analysis; the maternal h 2 estimate was 0 and was deleted and the analysis was run to estimate only direct h 2 . The estimate of h 2 for 374-d weight was .47 and is in close agreement with a report for females of Gregory et al. (1995a) . The r g of .30 and .39 between 374-d weight and ovulation and twinning rate, respectively, suggest a genetic antagonism between fecundity and growth in cattle of a magnitude sufficient to require some compromise when the selection goal is increased twinning rate with no change in growth and size.
566-Day Weight and Ovulation and Twinning Rate.
Mean heifer weight adjusted to 566 d was 455 kg. Birth years included were 1982 through 1994. Fallborn heifers weighed 16.1 kg more than spring-born heifers at 566 d. Heifers born and reared as singles were 9.4 kg heavier than heifers born as twins. Age of dam did not affect 566-d weight.
These weights were recorded subsequent to ovulation rate determination. Estimates of h 2 for 566-d weight and of r g of 566-d weight with ovulation and twinning rate with genetic groups in the model are presented in Table 6 . The estimate of h 2 for 566-d weight was .44 and is in close agreement with a report for females of Gregory et al. (1995a) . The r g of .15 and .26 between 566-d weight and ovulation and twinning rates, respectively, were lower than the r g of ovulation rate and twinning rate with 374-d weight.
Four-Year-Old Weight and Ovulation and Twinning
Rate. Four-year-old weights were recorded before calving, before breeding, and when palpated for pregnancy diagnosis in spring-and fall-calving cows. Cows that did not wean a calf were deleted from the data set for that year. Four-year-old weight data recorded from 1986 through 1995 were included in the analysis. Mean cow weight for the three weights recorded at 4 yr was 656 kg. Cow weights did not differ between spring-and fall-calving cows. Cows calving twins weighed 19 kg more for the mean of the three weights than cows calving singles. Cows weighed 52 kg more before calving than before breeding and 57 kg more before calving than when palpated for pregnancy diagnosis. Cows born and reared as singles weighed an average of 29 kg more than cows born as twins.
Estimate of h 2 for 4-yr-old weight was .54 with genetic groups in the model. Estimates of r g between 4-yr-old weight and ovulation rate and twinning rate, respectively, were .24 and .31. The estimate of h 2 for 4-yr-old weight is in general agreement with Gregory et al. (1995a) . The estimate of fraction of variance due to permanent environmental effects ( c 2 ) for the three weights (i.e., before calving, before breeding, and pregnancy diagnosis) taken at 4 yr of age was .21. Thus, the estimate of repeatability of the three weights taken at 4 yr was .75.
The estimates of h 2 presented for scrotal circumference, birth, 374-d, 566-d, and 4-yr-old weights are the means of the estimates when the weight trait was run Weight Traits. Estimates of h 2 and r g for weight traits with genetic groups in the model are presented in Table 7 when weight traits were analyzed in one analysis in a four-trait model. Estimates of h 2 for weight traits were greater, except for maternal birth weight, than when weight traits were estimated with ovulation rate and with twinning rate in pair-wise analyses (Table 6 ). The same data set for weight traits was included in all analyses. An explanation for the difference in estimates of h 2 for weight traits in the separate analyses is not apparent. Estimates of h 2 (direct) for weight traits in this analysis ranged from .51 to .70 and estimates of r g among weight traits ranged from .65 to .88. Environmental correlations among weight traits were small, except between 374-d and 566-d weight (Table 7 ). These estimates of h 2 and r g for weight traits are in general agreement with the report of Bennett and Gregory (1996) .
Phenotypic and Genetic Trends
The genetic groups contributing to the foundation population and solutions for twinning rate and ovulation rate are presented in Table 8 . As indicated by Table 8 , the genetic differences among sources in ovulation and twinning rate were large. This is expected because sires in genetic groups 1 and 7 were identified based on twinning rate of their daughters.
Twinning Rate. Twinning rates for parturitions in spring of 1996 were included in this part of the study, whereas data for parameter estimates extended only through fall of 1995 parturitions. Twinning rate data for spring 1996 were available when this part of the study was conducted. The PBV for ovulation and twinning rate were estimated using the genetic parameters presented in Table 6 . Phenotypic and genetic trends for twinning rate are presented in Table 9 by year of calving of females from 1984 through spring calving of 1996, and in Table 10 by year of birth of female from 1981 through fall of 1993.
Estimated genetic trends are reflected by PBV adjusted for each group in each year by a constant equal to the difference between phenotypic mean and PBV for the initial year of calving (Table 9 ) or initial year of birth (Table 10 ). This adjustment was made to achieve equality of initial values for phenotypic means and PBV. When expressed on the basis of year of calving (Table 9) , the phenotypic change in twinning rate over the 12-yr period exceeded the estimate of genetic change (.29 vs .22). The phenotypic change was .027 calves per parturition per year in twinning rate, whereas the estimated genetic change was .019 calves per parturition per year in twinning rate. Regressions for phenotypic mean twinning rate and adjusted PBV on year of calving are presented in Table 9 and on year of birth are presented in Table 10 .
When expressed on the basis of year of birth (Table  10) , the phenotypic change in twinning rate over the 12-yr period was .22 calves per parturition compared with .26 calves per parturition for estimated genetic change. For both methods of expression (i.e., year of calving or year of birth) the rate of increase in phenotypic mean and estimated genetic mean tended to be greater in the later six or seven years of the experiment. Several factors likely account for this result: 1 ) greater impact of progeny proven sires including introduced sires and those identified in the experiment based on ovulation rate of daughters; 2 ) increased genetic variation in the population as the experiment progressed reflecting increased frequency of twinning; and 3 ) improved procedures for estimating breeding value for twinning rate using a multipletrait repeated records animal model starting in 1990 (Van Vleck et al., 1991b) . Overall, agreement is reasonably good between the phenotypic means and the estimated genetic means when expressed on year of calving and on year of birth bases. When expressed on a year of calving basis, all females were included regardless of their year of birth, and when expressed on a year of birth basis all females born in a given year were included regardless of the year(s) they calved. Estimated genetic means for twinning rate for sires increased by .25 calves per parturition and for dams (Tables 9 and 10 ).
Comparison of sire and dam mean values shows that more of the progress results from sire selection. Because information is available on ovulation rate of females before their entry into the breeding herd at 1.5 yr and ovulation rate information is not available on daughters of sires until sires are 4.5 to 5 yr old, the difference between sires and dams in genetic value may be less over a short period than would be expected for non-sex-limited traits. Thus, there is a difference of approximately 3 yr between when ovulation rate data are available on females and when ovulation rate data are available on daughters of sires. Over a short period, this difference may be sufficient to more than offset the increased precision with which PBV are determined in sires relative to dams and the greater selection intensity of sires. The difference in estimated genetic value for twinning rate between sires and dams is similar to that reported for a more limited (2.5 yr less) data set reported by Van Vleck and Gregory (1996) .
Ovulation Rate. Ovulation rates for females born in the fall of 1984 through the fall of 1994 were included in this part of the study, whereas results presented for parameter estimates extended only through females born in spring of 1994. Ovulation rate data for females born in fall of 1994 were available when data were analyzed for this part of the study but were not available when genetic parameters involving ovulation rate were estimated. Phenotypic and genetic trends for ovulation rate in puberal heifers are presented in Table 11 for fall 1984 through fall 1994 birth groups. Estimated genetic trends are reflected by PBV adjusted for each group in each year by a constant equal to the difference between phenotypic mean and PBV for the 1984 fall birth group when ovulation rate determinations were started. This adjustment was made to achieve equality of initial values for phenotypic means and PBV. The phenotypic change in ovulation rate over the 11 yr was .15 per estrous cycle, whereas the estimated genetic change was .18 per estrous cycle. Regressions for phenotypic mean ovulation rate and adjusted PBV on year of birth are presented in Table 11 . The changes in estimated genetic means were more consistent on a yearly basis than changes in phenotypic means. From 1987 through 1991, phenotypic means did not seem to change. The estimated genetic means for ovulation and twinning rates did change during this period (Tables 10 and 11 ). However, phenotypic means for twinning rate did not show great change for females born since 1987 (Table 10) . The difference between ovulation rate in puberal heifers and twinning rate in cows is believed to result primarily from age effects on ovulation rate. Echternkamp et al. (1990) reported small ( P > .05) differences in embryonal and fetal survival between single and double ovulating cows. Ovulation rate increased by .0129 per month from 12 to 18 mo during the period that ovulation rate was evaluated. As was observed for twinning rate, the estimated genetic mean for ovulation rate is in reasonably close agreement with the estimated genetic mean of sires and dams, with sires having a greater impact than dams on estimated genetic change.
Implications
A twinning technology has the potential to improve efficiency of beef production under intensive production systems. Ovulation rate in puberal heifers is an effective indirect selection criterion to increase twinning rate because of the high genetic correlation between ovulation rate and twinning rate (.75). Repeated observations of ovulation rate for a mean of six estrous cycles results in a trait of intermediate heritability (.35) . Positive genetic correlations between weight traits and ovulation and twinning rate suggest some compromise when the selection goal is increased twinning rate with no increase in growth and size.
